Berdyyeva TK, Olson CR. Rank signals in four areas of macaque frontal cortex during selection of actions and objects in serial order. J Neurophysiol 104: 141-159, 2010. First published May 5, 2010 doi:10.1152/jn.00639.2009. Neurons in several areas of monkey frontal cortex exhibit ordinal position (rank) selectivity during the performance of serial order tasks. It has been unclear whether rank selectivity or the dependence of rank selectivity on task context varies across the areas of frontal cortex. To resolve this issue, we recorded from neurons in the supplementary motor area (SMA), presupplementary motor area (pre-SMA), supplementary eye field (SEF), and dorsolateral prefrontal cortex (dlPFC) as monkeys performed two oculomotor tasks, one requiring the selection of three actions in sequence and the other requiring the selection of three objects in sequence. We found that neurons representing all ranks were present in all areas. Only to a moderate degree did the prevalence and nature of rank selectivity vary from area to area. The two most prominent inter-area differences involved a lower prevalence of rank selectivity in the dlPFC than in the other areas and a higher proportion of neurons preferring late ranks in the SMA and SEF than in the other areas. Neurons in all four areas are rank generalists in the sense of favoring the same rank in both the serial action task and the serial object task.
I N T R O D U C T I O N
The performance of serial order tasks is thought to depend critically on cortical areas of the frontal lobe (Ashe et al. 2006; Curran and Keele 1993; Dominey et al. 1998; Hikosaka et al. 1999; Hikosaka et al. 2002; Jueptner et al. 1997; Marshuetz 2005; Rhodes et al. 2004; Tanji 2001) . One sign of frontal-lobe involvement is the observation that numerous frontal areas contain rankselective neurons: neurons the activity of which depends on the stage the monkey has attained in a learned sequence of actions (Akkal et al. 2002; Averbeck et al. 2002 Averbeck et al. , 2003 Clower and Alexander 1998; Funahashi et al. 1997; Inoue and Mikami 2006; Tanji 2002, 2003; Lee and Quessy 2003; Lu et al. 2002; Nakajima et al. 2009; Shima and Tanji 2000; Sohn and Lee 2007) . Presumably these areas act in concert to mediate serial order behavior with each making a distinctive contribution. However, it is still unclear in what way the contributions of multiple areas differ from each other. This issue remains unresolved because for the most part, studies of rank selectivity in different areas have been carried out under different conditions. Rank selective neurons have been observed in the frontal and supplementary eye fields (FEF and SEF, respectively) in the context of oculomotor sequence tasks Tanji 2002, 2003; Lu et al. 2002) , in the presupplementary and supplementary motor areas (pre-SMA and SMA, respectively) in the context of manual sequence tasks (Clower and Alexander 1998; Lee and Quessy 2003; Nakajima et al. 2009; Shima and Tanji 2000; Sohn and Lee 2007 ; but see also Isoda and Tanji 2004) , and in the dorsolateral prefrontal cortex (dlPFC) in the context of sequential tasks requiring button presses (Barone and Joseph 1989) , tracing of geometrical shapes (Averbeck et al. 2002 (Averbeck et al. , 2003 , saccades (Averbeck et al. 2006) , and memorization of the order of presentation of a sequence of images (Inoue and Mikami 2006; Ninokura et al. 2003 Ninokura et al. , 2004 . In only a few cases were two closely related areas directly compared in the same behavioral context (pre-SMA and SMA: Clower and Alexander 1998; Nakajima et al. 2009; Shima and Tanji 2000; Sohn and Lee 2007; SEF and FEF: Isoda and Tanji 2003) . Because of the procedural inconsistencies, it is unclear whether rank-related activity varies systematically across areas.
To resolve this issue, we recorded from four frontal areas (SMA, pre-SMA, SEF, and dlPFC) in the same monkeys during performance of the same two tasks: a serial action task and a serial object task (Berdyyeva and Olson 2009 ). The serial action task required making saccades in a fixed sequence of directions (Fig. 1A ). The serial object task required making saccades to a fixed sequence of objects (Fig. 1B) . The tasks shared a requirement that the monkeys remain oriented with respect to position in the sequence but differed with respect to the rule governing what should be selected at each stage. This approach allowed us to compare the four areas systematically with regard not only to the presence and nature of rank selectivity but also its tendency to generalize across task contexts.
M E T H O D S

General methods
SUBJECTS. We used two adult male rhesus monkeys (Macaca mulatta). Monkey O had been trained previously on a variety of manual and oculomotor tasks. Monkey T was experimentally naïve. Experimental procedures were approved by the Carnegie Mellon University Animal Care and Use Committee and were in compliance with the guidelines set forth in the United States Public Health Service Guide for the Care and Use of Laboratory Animals.
PREPARATORY SURGERY. At the outset of the training period, each monkey underwent sterile surgery under general anesthesia maintained with isofluorane inhalation. The top of the skull was exposed, bone screws were inserted around the perimeter of the exposed area, a continuous cap of rapidly hardening acrylic was laid down so as to cover the skull and embed the heads of the screws, a head-restraint bar was embedded in the cap, and scleral search coils were implanted on the eyes with the leads directed subcutaneously to plugs on the acrylic cap. Following initial training, recording chambers were implanted into the acrylic. At each selected site, a 2-cm-diam disk of acrylic and skull was removed. A cylindrical recording chamber was cemented into the hole with its base flush to the exposed dural membrane.
Chambers were placed either at a medial location (over SEF, pre-SMA, and SMA), or at a lateral location (over dlPFC). The medial chambers were centered on the midline ϳ21 mm anterior to the Horsley-Clarke interaural plane. The lateral chambers were centered approximately at anterior 23 mm and lateral 23 mm in the left hemisphere. Recording was carried out from the medial chamber first and from the lateral chamber second in monkey O. In monkey T, the order was reversed. The reversal of order was intended to minimize the possibility that measured differences between the lateral and medial areas were secondary to differences in the level of practice. SINGLE UNIT RECORDING. At the beginning of each day's session, a varnish-coated tungsten microelectrode with an initial impedance of several megohms at 1 kHz (Frederick Haer and Co., Bowdoinham, ME) was advanced vertically through the dura into the underlying cortex using a hydraulic microdrive (Narishige, Tokyo, Japan). The electrode could be placed reproducibly at points forming a square grid with 1 mm spacing (Crist et al. 1988 ). In the case of monkey O, the action potentials of single neurons were isolated from the multineuronal trace by means of an on-line spike-sorting system using a template-matching algorithm (Signal Processing Systems, Prospect, Australia); the spike-sorting system, on detection of an action potential, generated a pulse the time of which was stored with 1 ms resolution. In case of monkey T, three microelectrodes were inserted simultaneously at different grid locations, and single neurons from each microelectrode were sorted using both on-line and off-line template matching and principal components analysis (Plexon, Dallas, TX).
RECORDING SITES. After installing a recording chamber, we confirmed the location of the chamber relative to the gross anatomical landmarks by collecting structural magnetic resonance (MR) images. The images were collected by use of a Bruker BioSpin 4.7 T magnet in which the anesthetized monkey was supported by an MR-compatible stereotaxic device. Fiducial marks made visible by means of a contrast agent included the centers of the ear bars and selected locations inside the recording chamber. Frontoparallel 2-mm-thick slices spanning the entire brain were collected. In addition, 2-mmthick slices were collected in monkey T parallel to the cortical surface underlying the lateral chamber.
Recording sites under the lateral chambers were in dlPFC within and ventral and dorsal to the principal sulcus as revealed by examination of structural MR images (Fig. 2) .
1 They were located 7-16 mm anterior to the posterior tip of the principal sulcus in monkey O [mean ϭ 10.5 Ϯ 2.7 (SD) mm] and 7-17 mm anterior to the posterior tip of the principal sulcus in monkey T (11.1 Ϯ 2.5 mm). They overlap regions examined in comparable studies from other laboratories (Hasegawa et al. 2004; Shima et al. 2007 ) but may extend a few mm farther anterior. Recording sites under the medial chambers were assigned to three areas (SEF, SMA, and pre-SMA) according to the 1 The online version of this article contains supplemental data. A: a typical trial in the serial action task. The identity of an image presented at 3 locations in the visual field periphery served as a sequence cue (e.g., the picture of a butterfly instructed the monkey to make a saccade upward during the 1st trial phase, rightward during the 2nd phase, and leftward during the 3rd phase). Six different pictures signaled 6 different sequences. B: a typical trial in the serial object task. Monkeys had to make a saccade toward the red cross in the 1st trial phase, to the green hexagon during the 2nd phase, and to the blue triangle during the 3rd phase irrespective of the objects' locations. The object positions on the screen were changed in each trial phase.
following criteria (Matsuzaka et al. 1992; Picard and Strick 1996; Bruce 1993 2000) .
Supplementary eye field. A site was assigned to the SEF if it met the following conditions: it was located 4 -8 mm anterior to the genu of the arcuate sulcus and 2-6 mm lateral to the midline as determined by structural MRI; at it or an immediately adjacent site, fixed vector or convergent saccades could be reproducibly elicited with electrical microstimulation at current levels of Յ80 A (100 ms train of biphasic pulses of 0.2 ms duration at 333 Hz); and neither at this nor at an immediately adjacent site did electrical microstimulation at current levels Յ200 A elicit orofacial or other bodily movements. These sites were located anteriolateral to the SMA and pre-SMA.
Presupplementary motor area. A site was assigned to the pre-SMA if it met the following conditions: it was located on the medial wall of the hemisphere 1-6 mm anterior to the genu of the arcuate sulcus as determined by structural MRI; at it or an immediately adjacent site, electrical microstimulation at a current strength 75 Ϫ150 A (100 ms train of biphasic pulses of 0.2 ms duration at 333 Hz) elicited complex multijoint arm movements involving large groups of muscles but did not elicit any bodily or orofacial movements at currents Յ70 A and did not elicit any eye movements at currents Յ200 A; and light cutaneous stimulation of the body including the face did not elicit brisk phasic neuronal responses (although visual stimulation such as turning the room lights on and off might). These sites were located anterior to the SMA and posteromedial to the SEF.
Supplementary motor area. A site was assigned to the SMA if it met the following conditions: it was located 1-6 mm caudal to the genu of the arcuate sulcus either on the medial wall of the hemisphere or on the gyral surface Յ4 mm from the midline as determined by structural MRI; electrical microstimulation at a current strength under 50 A (50 -100 ms train of biphasic pulses of 0.2 ms duration at 333 Hz) elicited simple, brisk body twitching or simple brisk single-joint hind-or forelimb movements involving a small isolated groups of muscles and did not elicit eye movements at currents Յ100 A; and light cutaneous stimulation of the body elicited brisk phasic neuronal responses but visual stimulation did not. These sites were located posterior to the pre-SMA and posteriomedial to the SEF.
Finding the border between the SMA and pre-SMA. Beginning at the back of the recording chamber, we stimulated a succession of sites at progressively more anterior levels in 1 mm steps (50 -100 ms train of biphasic pulses of 0.2 ms duration at 333 Hz, 50 -75 A). At each site, we noted the type of movement elicited at lowest current strength, for example distal or proximal hind-or forelimb, upper or lower body or orofacial. With anterior progress of the stimulation site, we noted a rough topographical trend from the distal hindlimbs to the orofacial region followed by a topographical reversal to complex, slow, multijoint forelimb movements elicited at relatively high currents. The level of reversal was taken as the border between the SMA and the pre-SMA. This level coincided with the level at which neuronal somatosensory responses gave way to visual responses. BEHAVIORAL CONTROL AND DATA COLLECTION. All aspects of behavioral procedure, including presentation of stimuli, monitoring of eye movements, and delivery of reward, were under the control of a computer running Cortex software (NIMH Cortex) in a DOS operating system. Eye position was monitored by means of a scleral search coil system (Riverbend Instruments, Birmingham, AL). The x and y coordinates of eye position were stored at 4-ms intervals. Reward was delivered through a spigot under control of a solenoid valve on successful completion of each trial.
Task design
The monkeys performed two tasks. Each task required generating a series of three saccades to peripheral targets. However, the tasks differed with regard to the rule governing target selection. The rule was spatial in the case of the serial action task and object-based in the case of the serial object task. During recording from each site, the monkey performed both the serial action task and serial object task. The order of the tasks alternated from site to site.
SERIAL ACTION TASK.
Basic design principle. On any given trial, the same image was placed at all three target locations. The identity of this image indicated in what order saccades must be made to the three locations.
Sequence of events in a trial. The monkey initiated a trial by acquiring central fixation. Two hundred and fifty milliseconds after attainment of fixation, three identical pictures (ϳ4.5°across) appeared at locations 11.4°eccentric spaced at equal intervals of 120°around fixation -straight up, down and to the right, and down and to the left. Disappearance of the central fixation spot after a variable interval (450 -600 ms) signaled the monkey to make a saccade to the first location. One hundred milliseconds after completion of the saccade, a feedback stimulus appeared: a white annulus centered on the target. After a variable additional interval of eccentric fixation (225-350 ms), all peripheral stimuli vanished and the central fixation spot reappeared, signaling the monkey to execute a saccade back to the center. After 150 ms of central fixation, the array of pictures reappeared and the series of events was repeated with the sole exception that the saccade must be directed to the second location. The third phase of the trial consisted of an equivalent series of events with the third location as the target. The trial terminated with 25 ms of central fixation followed by offset of all stimuli and delivery of reward. In the case of a saccade toward an incorrect location or a fixation break, the trial was aborted.
Number of conditions. Six different pictures instructed six different movement sequences. These represented all possible sequences in which the three locations could be, once each, successively selected.
Blocking. To reduce task difficulty, the monkey was allowed to complete a block of four successful trials under a given condition before another condition was imposed. Within a group of six successive blocks, each condition was imposed once.
Number of trials. The session terminated when the monkey had successfully completed 24 trials under each of the six conditions.
Visually guided trials. In the event that the monkey selected an incorrect target on three successive trials, visual guidance was provided on the fourth trial by making the image at the location of the current target brighter than the other two. The frequency of trials on which visual guidance was provided, expressed as a percentage of all correct trials, was small (monkey O: SMA, 2.1%; pre-SMA, 2.0%, SEF, 2.7%, dlPFC, 2.5%; monkey T: SMA, 13.2.0%; pre-SMA, 14.2%, SEF, 15.9%, dlPFC, 16.2%). Visually guided trials were excluded from all subsequent analysis. SERIAL OBJECT TASK. Basic design principle.The monkey was required to make saccades to three images (red cross, green hexagon, and blue triangle in succession) on every trial. After each saccade, the images were subject to rearrangement. Thus the monkey could not plan in advance a fixed series of movements.
Sequence of events in a trial. The sequence and timing of events and the spatial arrangement of stimuli were the same as in the serial action task.
Number of conditions. The current target (red cross during phase 1, green hexagon during phase 2, and blue triangle during phase 3) could occupy any of three locations. There were 27 conditions representing all possible sequences of target locations. The two nontarget images were assigned randomly to the two nontarget locations at each phase of the trial.
Number of trials. A session terminated when the monkey had successfully completed four trials under each of the 27 conditions. task (which task this was alternated from site to site) as indicated by inspection of raster and histogram displays. In the case of a neuron from which a full data set had been collected, we subsequently discarded the data if it did not fulfill even a generous criterion for task-related activity, namely that during at least one within-trial epoch, the firing rate was significantly different (t-test, P Ͻ 0.05) from the firing rate during a pretrial baseline period of 200 ms, terminating with the initial onset of the fixation spot. The within-trial epochs considered in this analysis were 1) peri-array epoch (50 ms before to 450 ms after onset of the array); each peri-array epoch was considered separately for three trial phases and three directions, resulting in nine peri-array epochs for each neuron; and 2) peri-saccade epoch (200 ms before to 300 ms after initiation of saccade); each peri-saccade epoch was considered separately for six saccades (3 to the target and 3 back to the center) and three directions, resulting in 18 peri-saccade epochs for each neuron.
Only neurons recorded in both tasks and exhibiting modulation in at least one of them were included in the database. The number of neurons selected for analysis in each area and in each monkey is provided in Table 1 .
Counts of significant neuronal effects
To characterize the dependence of each neuron's firing rate on rank and saccade direction, we carried out two ANOVAs. The first concerned data from the three peri-array epochs (50 ms before to 450 after array onset). The second concerned data from the three peri-saccade epochs (200 ms before to 300 ms after initiation of the centrifugal saccade). In each case, firing rate was the dependent variable and the two factors were rank (1st, 2nd, or 3rd) and saccade direction (left, up, or right). The threshold for significance was taken as P Ͻ 0.05.
Histograms of single neuron and population activity
To create a histogram representing the activity of a single neuron or of a population under a selected set of conditions, we parsed the data from each trial into six blocks. These were obtained by crossing three trial phases (1st, 2nd, and 3rd) with two periods of each phase (array and saccade). The array period extended from 150 ms before array onset (when the only stimulus visible on the screen was the fixation spot) to 450 ms after array onset. The saccade period extended from offset of the fixation spot to a point in time 600 ms later and thus encompassed the planning and execution of both the centrifugal and the centripetal saccade. Cutting out and splicing these blocks allowed creating a continuous record of activity during the trial in which the effects of trial-to-trial jitter (arising from random variation of the delay period and from spontaneous variation of the saccadic reaction time) were minimized.
Representing rank selectivity as a continuous variable
For each neuron, we computed the mean firing rate during the peri-saccade epoch (200 ms before to 300 ms after initiation of the centrifugal saccade) of phases 1-3: R1-R3. We removed information about absolute (as distinct from relative) firing rate by normalizing the resulting values to their sum, obtaining a three-component normalized rank vector capturing the neuron's pattern of serial position preference: (R 1 , R 2 , R 3 ). We reduced this to two-component vector by projection onto the two-dimensional (2-D) simplex. This involved no loss of information because the components of the normalized vector, summing to one, possessed only 2 df. We oriented the plot so that the vector representing a pure rank 1 neuron (a neuron active only during phase 1) would point straight up (0°) and vectors representing pure rank 2 and rank 3 neurons would point 120 and 240°clockwise, respectively. We counted the vectors in each of 48 bins centered on values ranging in 7.5°steps from 0 to 352.5°. The counts are represented by radial height in the resulting plots.
Cross-task correlation of rank selectivity
We carried out independent correlation analyses on data from the peri-saccade epoch (200 ms before to 300 ms after initiation of the centrifugal saccade) and the peri-array epoch (50 ms before to 450 after array onset). In each case, we first computed for each neuron the mean firing rate during the during phases 1-3 in the serial action task: A1-A3. We then normalized the values to their sum so as to obtain a three-component normalized rank vector: (A 1 , A 2 , A 3 ). By an identical procedure, we obtained a three-component normalized rank vector based on activity in the serial object task: (O 1 , O 2 , O 3 ). We then computed the coefficient of correlation across neurons between the two rank vectors using the Matlab corrcoef function.
R E S U L T S
Rank selectivity in the serial action task
To identify neurons that fired differentially as a function of trial phase, we carried out an ANOVA (␣ ϭ 0.05) with saccade direction and rank as factors and with firing rate during the peri-saccadic epoch (200 ms before to 300 ms after initiation of the centrifugal saccade) as the dependent variable. A majority of neurons in each area exhibited a significant main effect of rank ( Fig. 2A ; Table 2) indicating that, with saccade direction factored out, they fired significantly more strongly in conjunction with some trial phases than with others. We conclude that rank selectivity was robust in all four areas.
To determine whether the differences from area to area in the proportion of rank-selective neurons were significant, we carried out a 2 test. This revealed that the cross-area variation in the frequency of rank selectivity was highly significant ( 2 test, P Ͻ 10
Ϫ8
). Pairwise comparison of areas ( 2 test on 6 pairs, ␣ ϭ 0.05) revealed that a single robust difference accounted for this effect: the frequency of rank selectivity was significantly lower in the dlPFC than in the other areas ( P Ͻ 10
Ϫ6
for the pairs SMA-dlPFC, pre-SMA-dlPFC, and SEFdlPFC). On independent analysis of each monkey's data, we found that the trends were the same and that they were significant (P Ͻ 0.003) with the exception of the SMAdlPFC comparison in monkey T. We conclude that rank selectivity was less prevalent in the dlPFC than in the other areas. We next asked whether each area contained neurons selective for the first, second, and third rank. Examples of selectivity for each rank are shown in Fig. 3 , A, C, and E. The preferred rank of each significantly rank-selective neuron was taken as the phase of the trial during which its firing rate was highest. The distribution of preferred ranks in each area is provided in the bar histograms of Fig. 4A and in Table 3 . The timing and strength of activity in each rank-preferring group of neurons can be judged from the population histograms of Fig. 5A . The results indicate that each area contained neurons selective for each rank.
To determine whether the differences from area to area in the proportion of neurons preferring the first, second, and third rank were significant, we carried out a 2 test. This revealed that the variation across areas with respect to the relative frequency of neurons preferring the first, second and third rank was highly significant (P Ͻ 10 Ϫ10 ; 2 test). Pairwise comparison of areas ( 2 test on 6 pairs, ␣ ϭ 0.05) revealed a single pattern that was both significant and consistent across monkeys. The dlPFC differed from the SMA (P Ͻ 10 Ϫ7 in combined data) and the SEF (P Ͻ 10 Ϫ8 in combined data) in that first-rank neurons were preponderant in the dlPFC, whereas third-rank neurons were preponderant in the two other areas. We conclude that the dlPFC differed from other areas by virtue of containing more neurons with a preference for rank 1.
A rank-selective neuron might exhibit categorical selectivity (firing at a high rate for rank 3 and at a uniformly low rate for ranks 2 and 1) or continuous selectivity (firing at a high rate for rank 3, at an intermediate rate for rank 2, and at a low rate for rank 1). Neurons with categorical selectivity tend to take pride of place in figures, including our own ( Fig. 3 ) but are not necessarily representative of the population as a whole. To determine to what degree rank selectivity was categorical as opposed to continuous, we assigned to each neuron a two-dimensional vector based on its firing rates during phases 1-3 (METHODS). The distribution of vectors across neurons is summarized in the polar bar histograms of Fig. 4A , where the principal directions representing pure categorical selectivity are straight up, 120°clock-wise and 240°clockwise for ranks 1-3, respectively. Bars representing vectors within Ϯ30°of the principal axes for ranks 1-3 are colored red, blue, and black, respectively. If there were no tendency toward categorical selectivity, we would expect the count of vectors within Ϯ30 of the principle axes to equal the count of vectors outside this range. Contrary to this prediction, in the SMA, SEF, and dlPFC, vectors close to the principal axes were more numerous than vectors far from them. The trend was significant in combined data ( 2 test; SMA, P ϭ 0.0001; SEF, P Ͻ 10
; dlPFC, P ϭ 0.0019) and was present in both monkeys. We conclude that there was an overall trend toward categorical rank selectivity.
The tendency toward categorical selectivity might have been present for one rank or for several. To investigate this issue, we repeated the analysis for each 120°domain of the plane centered on a principal axis. We found that, in each area, neurons selective for rank 3 tended to exhibit categorical selectivity. This effect was significant in the combined data (SMA: P Ͻ 10 Ϫ6 ; pre-SMA: P ϭ 0.0008; SEF: P Ͻ 10 Ϫ8 ; dlPFC: P ϭ 0.03) and was present in each monkey. Among neurons preferring rank 1, categorical selectivity was significantly preponderant only in the dlPFC (P ϭ 0.0012), where the trend was present in both monkeys. Among neurons preferring rank 2, there was no trend toward categorical selectivity (P ϭ 0.99; pre-SMA: P ϭ 0.85; SEF: P ϭ 0.44; dlPFC: P ϭ 0.39). We conclude that the trend toward categorical rank selectivity arose from the presence in all four areas of neurons that fired markedly more strongly during the third phase of the trial than during the prior two phases and from the presence in the dlPFC alone of neurons that fired markedly more strongly during the first phase of the trial than during the ensuing two phases.
Rank selectivity in the serial object task
To identify neurons that fired differentially as a function of trial phase, we carried out an ANOVA based on activity during the peri-saccadic epoch as described in the preceding section. A majority of neurons in each area exhibited a significant main effect of rank ( Fig. 2B; Table 4 ). We conclude that-as in the serial action task-rank selectivity was robust in all four areas.
To determine whether the differences from area to area in the proportion of rank-selective neurons were significant, we carried out a 2 test. This revealed that the cross-area variation in the frequency of rank selectivity was highly significant ( 2 test, P Ͻ 10 Ϫ8 ). Pairwise comparison of areas ( 2 test on 6 pairs, ␣ ϭ 0.05) revealed that a single robust difference accounted for this effect. The frequency of rank selectivity was significantly lower in the dlPFC than in the other areas (SMAdlPFC, P ϭ 0.0002; pre-SMA-dlPFC, P Ͻ 10 Ϫ6 ; SEF-dlPFC, P Ͻ 10 Ϫ7 ). On independent analysis of each monkey's data, we found that the trends were the same and that they were significant (P Ͻ 0.03 for all comparisons). We conclude that-as in the serial action task-rank selectivity was less prevalent in the dlPFC than in the other areas.
We next asked whether each area contained neurons selective for the first, second, and third rank. Examples of selectivity for each rank are shown in Fig. 3 , B, D, and F. The distribution of preferred ranks in each area is provided in the bar histograms of Fig. 4B and in Table 5 . The timing and strength of activity in each rank-preferring group of neurons can be judged from the population histograms of Fig. 5B . The results indicate that-as in the serial action task-each area contained neurons selective for each rank.
To determine whether the differences from area to area in the proportion of neurons preferring the first, second, and third rank were significant, we carried out a 2 test. The result
3. Examples of rank-selective neurons. Data in the "array" panels are aligned on array presentation. Data in the "go" panels are aligned on the go signal for the centrifugal saccade (offset of the central fixation spot). Presupplementary motor area (pre-SMA) neuron selective for 1st rank in the serial action task (A) and serial object task (B). Supplementary eye field (SEF) neuron selective for 2nd rank in the serial action task (C) and serial object task (D). SMA neuron selective for 3rd rank in the serial action task (E) and serial object task (F).
approached significance (P ϭ 0.052). Pairwise comparison between areas ( 2 test on six pairs, ␣ ϭ 0.05) revealed a significant trend present in both monkeys whereby the dlPFC differed from the SMA (P ϭ 0.010) and SEF (P ϭ 0.011) in containing more rank-one-selective neurons. We conclude that-as in the serial action task-the dlPFC differed from other areas in containing more neurons with a preference for rank 1 but that the strength of this effect was reduced relative to its strength in the serial action task.
To determine whether neurons encoded rank in a categorical or continuous manner, we compared the count of neurons with rank vectors closer than Ϯ30°to a principal rank axis to the count of neurons with rank vectors farther away than Ϯ30° (  Fig. 4B) . In three areas, neurons with vectors close to a principal axis significantly outnumbered those with vectors farther away (SMA: P ϭ 0.0001; SEF: P ϭ 0.0020; dlPFC: P ϭ 0.0057; pre-SMA: P ϭ 0.70). In each case, the trend was present in both monkeys. We conclude that-as in the serial action task-there was an overall trend toward categorical rank selectivity.
To check whether this effect was present for all or only for some ranks, we repeated the analysis separately for each rank.
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FIG. 4. Distribution of rank-selective neurons by preferred rank in the serial action task (A) and serial object task (B). Polar plots represent the frequency distribution (radial axis) of neurons according to a continuous measure of preferred rank (theta axis) in which pure categorical rank 1, 2, or 3 selectivity corresponded to 0, 120, and 240°(---). Bar histograms represent the frequency distribution of neurons on the basis of which trial phase elicited strongest firing. 38  31  60  129  20  10  40  70  47  108  156  311  42  18  32  92  Combined  45  45  120  210  44  28  51  123  67  138  196  401  80  34  69  183  % of Total  First  21  36  17  44  Second  21  23  34  19  Third  58  41  49  37 Tot *, total number of rank selective neurons in a given area.
We found that, in each of the three areas, there was a significant preponderance of categorical selectivity among neurons favoring rank 3 (SMA, P ϭ 0.0004; pre-SMA, P ϭ 0.015; SEF, P Ͻ 10 Ϫ8 ; dlPFC, P ϭ 0.0006) but not among neurons favoring other ranks. We conclude that-as in the serial action task-the trend toward categorical rank selectivity was present in all four areas during phase 3 but that-unlike in the serial action task-it was not present in the dlPFC during phase 1.
Overall the rate of incidence and the pattern of rank-related activity was closely similar between the two tasks. The single marked exception arose in the dlPFC, where the number of neurons selective for rank 1 was higher and the tendency for rank 1 selectivity to be categorical was greater in the serial action than in the serial object task. The higher prevalence of neurons active during phase 1 may have been related to the greater information processing opportunities present during this phase: in the serial action task, the monkey could plan out the entire sequence of saccades at the beginning of the trial, whereas in the serial object task he could only plan the first saccade.
Cross-task concordance of rank signals
Neurons in a given area might encode rank at an abstract level, signaling rank identically regardless of task context, or, alternatively, might signal rank in a context-specific manner. To distinguish between these possibilities, we analyzed the degree of concordance between rank signals observed during the peri-saccadic epoch in the serial action and serial object tasks. In all areas, neurons exhibiting rank selectivity in one task showed a highly significant tendency to do so in the other ( 2 test; SMA, SEF, and dlPFC: P Ͻ 10 Ϫ8 ; pre-SMA: P Ͻ 10 Ϫ5 ). Moreover, among neurons exhibiting rank selectivity in both tasks, cases of cross-task agreement in preferred rank (counted along the diagonal in each 3 ϫ 3 matrix of Table 6 ) were highly significantly more numerous than expected on the assumption of independence ( 2 test, P Ͻ 10 Ϫ10 in each area). Three examples supporting this point are shown in Fig. 3 . We conclude that there was a strong tendency for neurons preferring a given rank in one task to do so in the other.
Although there was a tendency in all areas for rank selectivity to be conserved across tasks, nevertheless it might have been the case that the degree of cross-task concordance varied from area to area. To assess this possibility, we tested whether the proportion of rank-selective neurons preferring the same rank in both tasks varied significantly across the four areas studied. We found that it did ( 2 test, P ϭ 0.009). To identify the source of the effect, we carried out post hoc pairwise comparisons. We found that the dlPFC consistently differed from other areas in containing a lower proportion of neurons that preferred the same rank in both tasks ( 2 test, SMAdlPFC, P ϭ 0.023; pre-SMA-dlPFC, P ϭ 0.003; SEF-dlPFC, P ϭ 0.017). This trend was present in both monkeys.
The preceding analysis was based on counts obtained by separating neurons into discrete categories (nonselective and selective with strongest firing for rank 1, 2, or 3). To supplement this approach, we employed an analysis based on a continuous measure. We computed, for each neuron, a three-
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FIG. 5. Mean firing rate as a function of time for SMA, pre-SMA, SEF, and dlPFC neurons classified as selective for the 1st, 2nd, or 3rd rank in the serial action task (A) and serial object task (B). Data in the array panels are aligned on array presentation. Data in the go panels are aligned on the signal for the centrifugal saccade (offset of the central fixation spot). Then, for each area, we computed the coefficient of correlation across neurons between the two rank vectors. In each area, the correlation between rank indices in two serial tasks was positive and highly significant: (Table 7 ; P Ͻ 0.0001 for each area). To assess whether areas differed with respect to the degree of correlation between rank vectors observed in the two tasks, we carried out pairwise comparisons of the R values (METHODS). We found that the dlPFC differed significantly from the other areas in exhibiting a lower degree of concordance (P Ͻ 10
Ϫ6
for all comparisons). The trend was present in both monkeys.
To convey graphically the degree of cross-task correlation in each area, we departed from the use of three-dimensional rank vectors and instead computed three scalar indices dependent on the ability of the neuron to discriminate rank 1 from rank 2, rank 1 from rank 3, and rank 2 from rank 3. For the serial action task, these were (A 2 Ϫ A 1 )/(A 2 ϩ A 1 ), (A 3 Ϫ A 1 )/(A 3 ϩ A 1 ) and (A 3 Ϫ A 2 )/(A 3 ϩ A 2 ), where A 1 -A 3 represent firing rates during trial phases 1-3, respectively. For the serial object task, the corresponding indices were (O 2 Ϫ O 1 )/(O 2 ϩ O 1 ) and so on mutatis mutandis. We then constructed for each area a scatter plot based on all three indices. The results, shown in Fig. 6 , make clear that cross-task concordance was present in all areas but was less in the dlPFC than in the other areas.
To say that a neuron's signaling of rank in one task was positively and significantly correlated with its signaling of rank in the other task is not to say that the signals in the two tasks were identical. To determine how often rank-related activity differed significantly between the two tasks, we carried out an ANOVA with rank, saccade direction, and task as factors. The results of this analysis indicate that around half of neurons exhibited a main effect of task, that around half exhibited an interaction between task and rank, and that around a third exhibited an interaction between task and direction (Table 8 , A-D). Of particular interest in the present context are the interactions between task and rank. Their frequent occurrence suggests that in a substantial number of neurons the strength of the rank signal differed significantly between the two tasks. However, we are hindered from drawing a firm conclusion on this point by the fact that the two tasks were run consecutively. The properties of a neuron could have changed between sessions 1 and 2.
Saccade direction selectivity
Although the main focus of this paper is on rank selectivity, we will comment on selectivity for saccade direction during the peri-saccadic epoch because it forms a useful benchmark against which to assess selectivity for rank. At least half of the neurons in every area exhibited direction selectivity (Tables 9  and 10 ), but in no area did the rate of incidence of direction selectivity exceed the rate of incidence of rank selectivity (Tables 2 and 4) . We conclude that rank selectivity is at least as robust a trait in all areas as direction selectivity.
The rate of incidence of direction selectivity varied significantly across areas in both the serial action task (Table 9,   2 test, P Ͻ 10
Ϫ6
) and the serial object task (Table 10, 2 test, P Ͻ 10 Ϫ8 ). Pairwise comparisons ( 2 test on 6 pairs of areas) Tot *, total number of rank selective neurons in a given area. revealed that direction-selective neurons were more numerous in the SEF than in other areas both in the serial action task (SMA-SEF, P Ͻ 10 Ϫ6 ; pre-SMA-SEF, P ϭ 0.0007; dlPFC-SEF, P Ͻ 10 Ϫ6 ) and in the serial object task (SMA-SEF, P Ͻ 10
; pre-SMA-SEF, P ϭ 0.0001; dlPFC-SEF, P Ͻ 10 Ϫ6 ). The trend was present in both monkeys in both tasks. We conclude that the cross-area distribution of rank selectivity (less in the dlPFC than in other areas) was different from the cross-area distribution of direction selectivity (greater in the SEF than in other areas).
The tendency for a neuron to display significant direction selectivity in one task was highly correlated with its tendency to do so in the other task ( 2 test; SMA, SEF, and dlPFC: P Ͻ 10
Ϫ8
; pre-SMA: P ϭ 0.0013). To assess whether the preferred direction tended to be conserved across tasks, we computed a three-component normalized direction vector based on firing during the peri-saccade epoch during execution of leftward, upward, and rightward saccades, regardless of trial phase, in the serial action task (A L , A U , A R ) and in the serial object task (O L , O U , O R ). Then for each area, we computed the coefficient of correlation across neurons between the two vectors. In each area, the correlation was positive and highly significant (SMA: R 2 ϭ 0.53; pre-SMA: R 2 ϭ 0.59; SEF: R 2 ϭ 0.64; dlPFC: R 2 ϭ 0.28; P Ͻ 10 Ϫ4 in each area). This degree of cross-task concordance was commensurate with the degree observed for rank selectivity (Table 7) .
Timing of direction signals as an index of serial order planning
In the serial action task, the required direction of each saccade could in principle be known from the time of onset of the target array presented during phase 1 of the trial. In contrast, in the serial object task, the required direction of each saccade was conveyed by the arrangement of objects in the array presented at the outset of that phase of the trial. Accordingly, we conjectured that neuronal activity reflecting the direction of the impending saccade would develop earlier in the serial action than in the serial object task. To test this idea, we defined as the best and the worst directions for each neuron as those directions that were associated with maximal and minimal firing during the postarray epoch (150 -450 ms after array onset) in data pooled across three trial phases. For all neurons in each area, we then computed, for each 25 ms bin in a period from 800 ms before to 800 ms after array onset, an index of directional activity. This was (B Ϫ W)/(B ϩ W) where B and W were the firing rates preceding saccades in the best and worst direction.
The results for the serial action task and serial object task are shown in Fig. 7 , A-D. In this figure, the time of the array onset is indicated by the dashed vertical line. In the serial object task (black), the directional signal at each phase of the trial became consistently positive (an indication that neurons were signaling the direction of the impending saccade) only after onset of the array. In contrast, in the serial action task (gray), the directional signal became positive well in advance of array onset. To assess the statistical significance of this difference between tasks, we computed the average directional index during an epoch 0 -125 ms after onset of the array. The mean and standard error of the direction index in each area for each phase of the trial in each task is shown in Fig. 7E . To compare the indices obtained in the two tasks, we employed a nonpaired one-tailed t-test. In each area and each monkey, the directional index in the action task was consistently higher than in the object task during the second and third trial phases (SMA, 1st phase, P ϭ 0.34, 2nd phase, P ϭ 0.0002, 3rd phase, P Ͻ 10 Ϫ7 ; pre-SMA, 1st phase, P ϭ 0.13, 2nd phase, P ϭ 0.0004, 3rd phase, P ϭ 0.0006; SEF, 1st phase, P ϭ 0.1, 2nd phase, P Ͻ 10 Ϫ6 , 3rd phase, P Ͻ 10 Ϫ7 ; dlPFC, 1st phase, P ϭ 0.15, 2nd phase, P ϭ 0.0001, 3rd phase, P Ͻ 10 Ϫ5 ). The results validate the notion that monkeys predictively programmed the second and third saccades in the serial action task but waited for instruction in the serial object task.
Combination of rank and direction signals in single neurons
In several areas, the number of neurons exhibiting main effects of both rank and direction during the peri-saccadic epoch was greater than expected from independent distribution of the two traits. This trend was significant in the combined data and present in both monkeys in both the serial action task ( 2 test: SMA, P ϭ 0.03; SEF, P Ͻ 10 Ϫ6 ; dlPFC, P ϭ 0. All correlations were highly significant: P Ͻ 0.0001. and the serial object task (SMA, P ϭ 0.0019; dlPFC, P ϭ 0.018). It is as if some neurons were task-related (in which case they tended to possess both attributes) and others were not.
VARIATION ACROSS AREAS IN CO-EXPRESSION OF RANK AND DIREC-
TION SELECTIVITY. To determine whether areas differed significantly with respect to the tendency for neurons to exhibit main effects of both rank and direction, we computed for each area the number of co-expressing neurons in excess of the number expected from independent distribution of the two traits. We found that this number, expressed as a fraction of the total neuronal count, was greater in the dlPFC than in other areas both in the serial action and in the serial object task although the only significant comparison was between the dlPFC and the SEF in the latter task ( 2 test: P ϭ 0.005). Perhaps neurons that were task-related and therefore possessed both traits stood out more starkly in the dlPFC because they were less numerous than in other areas.
INTERACTION OF RANK AND DIRECTION SIGNALS.
In around half of all neurons, the influences of rank and direction combined nonlinearly, as reflected by an interaction effect (Fig. 2) . The frequency of interaction effects varied significantly from area to area ( 2 test, action: P Ͻ 10 Ϫ8 , object: P Ͻ 10 Ϫ7 ). Pairwise post hoc comparisons revealed that the rate was significantly higher in the SEF than in the pre-SMA and dlPFC in the action task ( 2 test, SEF-pre-SMA, P ϭ 0.0041; SEF-dlPFC, P Ͻ 10 Ϫ5 ) and significantly higher in the SEF than in the SMA and dlPFC in the object task (SEF-SMA, P Ͻ 10 Ϫ5 ; SEF-dlPFC, P Ͻ 10 Ϫ6 ). Thus interaction effects occurred frequently in all areas and were especially frequent in the SEF.
What is the significance of interaction effects with regard to how neurons encoded rank and saccade direction? Examination of data from individual neurons including the one in Fig. 8 indicated one possibility. This neuron preferred ranks 1 and 2 to rank 3 and preferred upward saccades to leftward and rightward saccades. If the influences of rank and direction had combined linearly (as expected if there were no interaction effect), then this neuron would have fired at an intermediate level when the rank was preferred and the direction was not and vice versa. In fact, it fired only if a preferred rank and a preferred direction were both present (and exhibited an interaction effect). We hypothesized on the basis of observations such as this that interaction effects reflected the tendency for neurons to show sharper tuning for a preferred combination of rank and direction than expected from linear summation of the two influences.
To test this hypothesis, we carried out an analysis of tuning sharpness in two groups of neurons exhibiting main effects of both rank and saccade direction: those in which there was an interaction effect and those in which there was not. The measure of sharpness of tuning of each neuron was (ranging from "best rank, best direction" to "worst rank, worst direction"). We normalized the nine values to the value associated with best rank, best direction. Then we carried out an ANOVA on the resulting values with neuronal population (2 levels: interaction effect and no interaction effect) and rank-direction combination (8 levels: all combinations except best-best) as factors. This revealed that in the serial action task, tuning was significantly sharper (the mean of the index was lower) among neurons with interaction effects than among those without (Table 11 , A and B, P Ͻ 10 Ϫ8 ) and remained significant in data broken down by area (SMA: P ϭ 0.0151, SEF: P ϭ 0.0029; dlPFC: P Ͻ 10
Ϫ6;
with the exception of pre-SMA where general trend did not achieve significance: P ϭ 0.49). The results obtained for the serial object task were generally the same as in the serial action task: tuning was significantly sharper among neurons with interaction effects than among those without (Table 12 , A and B, P Ͻ 10 Ϫ8 ). This effect remained significant in data broken down by area (P Ͻ 10 Ϫ6 except pre-SMA, P ϭ 0.87). We conclude that interaction effects arose in part from a tendency for neurons to fire only when the rank and the saccade direction were both optimal.
Comparison between dorsal and ventral subdivisions of dlPFC
A large majority (84%) of dlPFC neurons characterized in this study was located dorsal to the principal sulcus. The minority located ventral to the sulcus consisted of 37/185 neurons in monkey O and 15/149 neurons in monkey T. The small number of such neurons precluded thorough comparison between dorsal and ventral populations. However, we did compare the populations on one crude measure, namely the outcome of the ANOVA assessing sensitivity to rank and saccade direction (Fig. 9) . The distribution of counts across the eight possible categories was significantly different in the serial object task ( 2 test, P ϭ 0.0003) but not in the serial action task (P ϭ 0.25). To identify the source of the difference in the serial object task, we performed post hoc pairwise tests comparing dorsal and ventral dlPFC with regard to the frequency of the eight kinds of effect: no effect, rank alone, direction alone, interaction alone, rank and direction, rank and interaction, direction and interaction, and rank, direction, and interaction. Only one pairwise difference was significant at the Bonferronicorrected level of 0.05/8 ϭ 0.00625. The fraction of neurons exhibiting two main effects and an interaction effect in the serial object task was significantly greater in the ventral than in the dorsal population ( 2 test with Yates correction, P ϭ 0.0000019). Neurons in this category are the very ones demonstrated above to show sharper tuning for a preferred combination of rank and direction than expected from linear summation of the two influences. 7 . A-D: population direction index (mean across neurons of the firing rate difference between the best and the worst direction normalized to the sum) in the serial action task (gray) and serial object task (black). Data are aligned on array presentation. The direction index becomes consistently positive earlier in the serial action task than in the serial object task because the monkey has advance knowledge of the direction of the next required saccade. E: mean Ϯ SE of the direction index during the first 125 ms after each array presentation in the serial action task (white bars) and the serial object task (gray bars).
To test the idea that tuning for a particular combination of rank and direction was sharper among ventral than among dorsal neurons in the serial object task, we carried out an analysis of the sharpness of tuning for particular combinations of rank and direction exactly analogous to the one described in the preceding text (combination of rank and direction signals in single neurons). An ANOVA with neuronal population (2 levels: dorsal and ventral) and rank-direction combination (8 levels: all combinations except best-best) as factors revealed that tuning was indeed significantly sharper (the mean of the index was lower) among ventral than among dorsal neurons (Table 13 ; P ϭ 0.00002).
Comparison between the peri-array and peri-saccadic epochs
In analyses considered up to this point, neurons were classified as rank and direction selective on the basis of activity during the peri-saccadic epoch. On repeating all of the analyses with attention to the antecedent epoch during which the monkey maintained central fixation (from 50 ms before to 450 ms after onset of the array), we observed identical trends with two notable exceptions.
First, the number of neurons with a significant main effect of direction during this epoch was higher in the serial action task than in the serial object task (Table 14) . The trend was present in each monkey in each area and was significant in combined data ( 2 test: SMA, P ϭ 0.0007; pre-SMA, P ϭ 0.012; SEF, P Ͻ 10
). This observation is in accordance with the observation that firing reflecting the direction of the impending saccade arose earlier in the serial action task than in the serial object task (as described in the preceding text in the section on the timing of direction signals).
Second, concordance between rank signals observed in the two tasks was lower than during the peri-saccadic epoch (Table  7) . This trend was present in each area of each monkey although it attained significance only in the dlPFC (SMA, P ϭ 0.45; pre-SMA, P ϭ 0.052; SEF, P ϭ 0.064, dlPFC P ϭ 0.0087). The reduced level of cross-task preferred-rank concordance during the peri-array epoch might have been due to a random factor (such as greater noise in the neuronal signal) or a systematic factor (such as a tendency for neurons to prefer 1 rank in the serial action task and a different rank in the serial object task). In support of the latter interpretation, we noted that neurons preferring the first rank during the peri-array epoch were more numerous in the serial action task whereas those preferring the third rank during this epoch were more numerous in the serial object task (Table 15) .
To visualize this effect, we considered neurons that tilted from firing during rank 1 in the serial action task to firing during rank 3 in the serial object task as indicated by meeting either of the following criteria: in the serial action task (but not the serial object task), the neuron fired significantly more strongly during trial phase 1 than trial phase 3 (1-tailed t-test, ␣ ϭ 0.05); in the serial object task (but not in the serial action task), the neuron fired significantly more strongly during trial phase 3 than trial phase 1 (1-tailed t-test, ␣ ϭ 0.05). This condition was met by 18% of neurons in the SMA, 18% in the pre-SMA, 22% in the SEF, and 38% in the dlPFC. An example from the dlPFC is shown on Fig.  10 . The population activity of all such neurons is displayed in Fig. 11 . The fact that firing during trial phases 2 and 3 was greater in the serial object task (black curve) than in the serial action task (gray curve) might be related to the fact that the second and third arrays convey information necessary for selecting the second and third saccades in the serial object task whereas, in the serial action task, they convey no new information. According to this line of interpretation, neurons exhibiting systematic cross-trial discordance in preferred rank during the peri-array period are likely those in which firing is correlated not with rank per se but with processing information from the array. 8 . Data from an SEF neuron exhibiting a main effect of rank, a main effect of direction and a rank ϫ direction interaction effect in both the serial action task (A) and the serial object task (B). The interaction between rank and direction reflects the neuron's responding to only two conjunctions of rank and direction (rank 1 ϩ up and rank 2 ϩ up). Main effects alone cannot give rise to such sharp tuning.
D I S C U S S I O N
Rank signals are widespread and uniform in frontal cortex
Although there have been numerous prior studies of rankrelated activity in the frontal cortex of the monkey, few of these have been designed in such a way as to allow posing the question whether areas differ with respect to the strength or nature of rank-related activity. We have addressed this issue by directly comparing the activity of neurons in the SMA, pre-SMA, SEF, and dlPFC in the same monkeys performing the same serial order tasks. We have found that some aspects of rank selectivity vary across areas. For example, rank selectivity is less common in the dlPFC than in the other areas and neurons selective for late ranks are more common in the SMA and SEF than in the pre-SMA and dlPFC. However, the overarching general finding is that a majority of neurons in each area carries rank signals.
The finding that rank signals are widely distributed in frontal cortex may help to explain the limited nature of the impairments that result from damage confined to one area. The SMA syndrome is characterized by a reduction in spontaneous movement and difficulty in voluntary movement initiation but by little or no impairment of serial order performance (Bannur and Rajshekhar 2000) . Thus patients with SMA lesions show an increase in reaction time on a sequential digit task but not much impairment in the production of the correct sequence (Halsband et al. 1993) . To the extent that mild deficits of sequence production do occur, these are confined to the limb-movement domain and recover quickly (Bleasel et al. 1996; Chassoux et al. 1999; Hanlon et al. 1995; Krainik et al. 2001; Laplane et al. 1977; Rostomily et al. 1991; Zentner et al. 1996 ; see also review by Goldberg 1985) .
Clinical reports suggest that pre-SMA is important for the learning of new motor sequences but not for the execution of well practiced ones (Deblieck et al. 2003; Fukaya et al. 2003) . Insofar as the performance of overlearned sequences is impaired, the impairment appears to involve only initiation of the sequence "chunk" (Kennerley et al. 2004; Muri et al. 1994) . The idea that the pre-SMA is important for acquisition of new sequences but not for performance of overlearned sequences is further supported by studies employing transient inactivation in the monkey Shima and Tanji 1998) .
Reversible inactivation of the SEF in monkeys produces a significant but moderate impairment in the performance of a task requiring successive saccades to two targets flashed in a rapid succession (Sommer and Techovnik 1999) . Early clinical studies of human patients with the SEF lesions reported moderately poor performance in tasks requiring two or more memory guided saccades (Gaymard et al. 1998; Pierrot-Deseilligny et al. 1995) . However, a more recent study of a patient with a rare highly focal lesion of the SEF reported no significant deficit with respect to the order of a sequence of memoryguided saccades (Parton et al. 2007 ).
Lesions to the dorsolateral prefrontal cortex are well known to affect the ability to plan and organize purposive goaldirected behavior. However, this impairment has rarely been reported to play out in the form of impaired serial order performance. There is no solid indication that inactivation or damage of the dlPFC has deleterious effects specifically on the learning or production of movement sequences (Fuster 2001; Hanna-Pladdy 2007; Miller and Cohen 2001; Shallice and Burgess 1991) . Indeed patients with prefrontal lesions can still learn hierarchically structured action sequences in the context of a task requiring associating motor responses with visual cues (Koch et al. 2006) .
We conclude that the ability to perform serial order tasks shows graceful degradation with brain damage. This is a classic feature of systems with parallel and distributed representations (McLeod et al. 1998) . Graceful degradation in principle could arise from the representation of different performance strategies (for example, chaining and rank-based performance) in different brain areas. However, our finding that rank is widely represented in frontal cortex favors the alternative idea that graceful degradation is the product of multiple areas contributing to rank-based performance.
Comparison to previous studies of individual areas in frontal cortex
RANK SIGNALS IN SMA. We found that 76% of task related neurons in SMA were influenced by rank of saccade in the oculomotor serial action task. This is a novel finding because rank selectivity in the SMA was previously characterized only in tasks requiring sequential arm movements. In the context of a sequential arm-movement task, 20 -70% of task-related SMA neurons have been reported to be to be selective for rank. The large range of the reported values is probably a consequence of differences in experimental procedure. For example, Clower and Alexander (1998) reported that ϳ40% of task-related neurons in SMA were rank selective; however, the analysis of rank selectivity was confined to neurons demonstrably selective for the parameters of movements in the sequence. In contrast, Shima and Tanji (2000) reported that 22% of SMA neurons were influenced by rank and not by the parameters of the movements. This proportion matches approximately the proportion we found to be influenced by rank and not saccade direction (23%). Sohn and Lee (2007) reported that ϳ60% of SMA neurons were influenced by the ordinal position (as counted from the beginning of the sequence), and ϳ70% were influenced by the number of remaining elements in the sequence (the ordinal position as counted from the end of the sequence). These proportions are well matched to the proportion of neurons that exhibited a main effect of rank in our study (76%).
We found that the majority of rank-selective neurons in SMA prefers the third rank (58%, Table 3 ). The results of some previous studies likewise suggest that the last action in the sequence is overrepresented in the SMA (Clower and Alexander 1998; Sohn and Lee 2007 ; but see also Shima and Tanji 2000) .
RANK SIGNALS IN PRE-SMA. We found that 85% of task-related neurons in pre-SMA were influenced by rank of saccade in the oculomotor serial action task. This finding is in a good agreement with the results of previous studies of rank selectivity in pre-SMA (Clower and Alexander 1998; Isoda and Tanji 2004; Shima and Tanji 2000; Sohn and Lee 2007) .
We found that an approximately equal number of neurons preferred each ordinal position. Although we cannot directly compare the frequencies of neurons preferring each rank to the previous studies because of the differences in the criteria for establishing preferred rank, it appears that a similar trend was observed in an oculomotor sequence task (Isoda and Tanji 2004) but not in tasks involving arm movements, in which the majority of the rank-selective neurons was preferentially active either at the beginning of the sequence (Nakajima et al. 2009; Shima and Tanji 2000; Sohn and Lee 2007) or at its beginning and end (Clower and Alexander 1998) .
It is interesting to note that the majority of studies comparing rank selectivity in the pre-SMA and SMA in the context of an arm-movement task found that the number of rank-selective neurons is higher in pre-SMA than in the SMA (Clower and Alexander 1998; Nakajima et al. 2009; Shima and Tanji 2000; Sohn and Lee 2007) . Our results reveal a similar trend although the difference did not achieve significance.
RANK SIGNALS IN SEF. We found that 87% of task-related neurons in SEF were influenced by rank of saccade in the oculomotor serial action task. The occurrence of rank selectivity in the SEF has been documented in previous studies (Berdyyeva and Olson 2009; Tanji 2002, 2003; Lu et al. 2002) . In one of the first relevant studies, Lu et al. (2002) , although their focus was not on rank selectivity, did note that rank selectivity could explain some of their results. Tanji (2002, 2003) , in a study focused on rank selectivity, found that ϳ55% of task-related neurons were influenced by rank; however, as they noted, their criteria for rank selectivity may have led them to underestimate the rate of incidence of the phenomenon (Isoda and Tanji 2002) . In addition to the difference in data analysis, the two studies differed in behavioral design. In their task, the sequence was committed to working memory over the course of a few trials. In our task, the association between the cue and the sequence was held in long-term memory.
We have found that rank-selective neurons in the SEF tend to prefer later ranks (17, 34, and 49% of the sample preferred the 1st, 2nd, and 3rd rank, respectively). Previous studies did not report any such overrepresentation of later ranks. The explanation for the discrepancy is not clear.
RANK SIGNALS IN DLPFC. We found that a comparatively large proportion (55%) of neurons in the dlPFC was rank selective in the context of the serial action task. To the best of our knowledge, no previous study has reported on the rate of incidence of rank selectivity in the dlPFC during sequential action performance although there is some evidence that dlPFC neurons carry rank-related signals (Averbeck et al. 2002; Barone and Joseph 1989; Hasegawa et al. 2004 ). The limited data suggest that neurons in dlPFC either prefer the first ordinal position (Barone and Joseph 1989) or that the sequential elements occupying the first and the last positions are represented the most strongly by population activity (Averbeck et al. 2002) . We too have found that more neurons preferred the first rank (44%) and the third rank (37%) than the second rank (19%).
Neurons in frontal cortex are rank generalists
One of the central goals of our study was to investigate whether the neurons in frontal cortex represent rank in a serial object task as distinct from a task requiring the execution of a series of movements in a memorized sequence. There have been reports to the effect that neurons in dlPFC signal rank during the serial presentation of images during passive fixation (Inoue and Mikami 2006; Ninokura et al. 2003 Ninokura et al. , 2004 and during performance of a three-step self-ordered task (Hasegawa et al. 2004) ; however, rank selectivity during the selection of objects in a memorized sequence has not previously been studied anywhere in the frontal cortex except SEF (Berdyyeva and Olson 2009 ). Here we report that a majority of neurons in all four areas that we studied signal rank during performance of the serial object task (72% in SMA, 79% in pre-SMA, 82% in SEF, and 57% in dlPFC). The proportion of rank-selective neurons in the serial object task was similar to that in the serial action task.
Neurons representing serial order at a fully abstract level should signal ordinal position irrespective of the particular task context. It is a question of considerable interest whether the ability of neurons to generalize across task context varies from area to area. To resolve this issue, we compared four frontal cortical areas with respect to the ability to generalize across two serial task contexts. We found that neurons in the SMA, pre-SMA, and SEF and to a lesser degree in dlPFC preserve their rank selectivity across different serial order tasks. The lower incidence of cross-task concordance in the dlPFC could in principle have any of several explanations: rank signals in the dlPFC might be noisier; neurons in the dlPFC might represent different ranks in different task contexts, or neurons in the dlPFC might represent identical ranks in the two tasks but the rank signals might be masked by signals related to other factors that vary between the tasks. Our results tend to support the third explanation as explained in the following section.
Strong firing early in the serial action task and late in the serial object task
We discovered, in all areas, and in particular in the pre-SMA and dlPFC, a population of neurons that fired early in the trial in the serial action task and throughout the trial in the serial object task. On the basis of our standard measure of rank selectivity, these neurons tended to be classified as rank 1 selective in the serial action task and rank 3 selective in the serial object task. Given the systematic nature of the cross-task shift, we speculate that these neurons were not rank selective but rather were sensitive to a factor that was most strongly present at the outset of a trial in the serial action task but was present throughout a trial in 
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FIG. 10. Data from a dlPFC neuron selective for rank 1 in the serial action task but not in the serial object task. the serial object task. This factor might have been the need to attend to the target array to glean from it information about which saccade to execute next. The array in phase 1 of the serial action task conveyed all of the information needed for the planning of all three successive saccades. The monkeys registered this information as evidenced by the fact that neuronal activity representing the directions of the second and third saccades built up before the second and third arrays appeared. In contrast, in the serial object task, the directions of saccade 2 and 3 were not known until arrays 2 and 3 conveyed the information.
In previous studies of rank selectivity, all of them based on the performance of tasks in which the entire sequence of required actions was known at the outset of the trial, there have been indications that rank 1 is overrepresented in the pre-SMA and dlPFC. For example, Shima and Tanji (2000) reported that the majority of the rank-selective neurons in pre-SMA was preferentially active at the beginning of the sequence. Likewise, Clower and Alexander (1998) reported a predominance in the pre-SMA of first and the third rank neurons. Preferential activation of neurons early in a serial order trial has also been observed in the dlPFC (Averbeck et al. 2002) . Our findings suggest that the neurons giving rise to an apparent overrepresentation of rank 1 in these areas are not carrying genuine rank signals but rather are sensitive to an extraneous factor present at task onset. In accordance with this view, it has been suggested that the pre-SMA is critically involved in retrieving visuomotor associations and in the initiation of sequences and sequence chunks (Kennerley et al. 2004; Muri et al. 1994) . The latter notion has found recent support in a report by Nakajima et al. (2009) showing that the activity of many pre-SMA neurons anticipates the nature of the second movement in a sequence even before the first movement has begun.
Continuous rather than categorical representation of rank
Neurons presented as examples in our paper (Fig. 3 ) and in reports from other groups tend to be those that exhibit beautiful categorical rank selectivity: they fire at a high rate during one phase of the trial and at a nearly identical low rate during the other phases. It is an interesting question whether neurons of this type are outliers or are genuinely representative of the populations from which they are drawn. To answer this question, we characterized each neuron's pattern of selectivity by an index that varied as a function of the degree to which the representation was categorical. Applying a cut-off such that, by chance alone, 50% of neurons would be classified as carrying a categorical representation and 50% as carrying a noncategorical representation, we found that the proportion carrying a categorical representation was Ͼ50% in all areas and that this effect was due primarily to the existence of neurons that fired strongly only during phase 3. It is difficult to compare this outcome to results reported in previous studies because the systems of classification employed in those studies do not lend themselves readily to forming an estimate of the number of neurons representing rank categorically. Clower and Alexander (1998) classified SMA neurons into 12 groups; Tanji (2002, 2004 classified pre-SMA and SEF neurons into 7 and 12 groups, respectively. To some degree, individual groups can be described as approximating or not approximating to the categorical ideal. Overall, it appears that pure categorical representations of rank were uncommon and that the strongest tendency toward categorical representation of rank was present, as in our study, among neurons favoring rank 3.
Of course there is no need for rank to be represented in a categorical code. A linear classifier could, without question, FIG. 11. Mean firing rate as a function of time of neurons tending to shift from rank 1 preference in the serial action task (gray line) to rank 3 preference in the serial object task (black line).
identify the current phase of the trial from the activity of neurons carrying noncategorical rank signals in any of the areas that we have studied. However, the existence of neurons in which, for example, the rate of firing increases continuously from the beginning to the end of the trial does raise a question. How do we know that the activity of these neurons encodes the phase of the trial rather than some factor that increases steadily over the course of the trial? Although we have found recently that rank representations in at least one area of frontal cortex-SEF-cannot be explained entirely by factors correlated with rank such as the approach of reward or to the passage of time, it is still an open question whether that holds true in other areas. 
